The regulation of transcription of the gene for the tryptophan-specffic permease, mtr, was evaluated in several genetically marked Escherichia coli strains through the use of a single-copy lacZ reporter system. The expression of mtr was repressed 97-fold by tryptophan via the Trp repressor and induced 10-fold by phenylalanine or tyrosine via the Tyr repressor. By primer extension analysis two distinct mtr transcripts and their corresponding promoters were identified. One transcript was induced by the Tyr repressor. The tryptophan-dependent interaction of Trp repressor with an operator target within the mtr promoter was demonstrated by means of a restriction endonuclease protection assay.
Tryptophan is transported in Escherichia coli by a general aromatic amino acid permease, encoded by aroP (4) , and by two specific transport systems. The first of these is a high-affinity permease encoded by mtr (10; see also the citation of C. Yanofsky in reference 16). The other is a low-affinity permease encoded by a gene of the tna operon (7) . The gene for the high-affinity tryptophan-specific permease, mtr, has been cloned and sequenced (9) . Probable operators for the tyrosine and tryptophan repressor proteins were distinguished within the DNA upstream of the mtr gene (9) . An earlier study of tryptophan-specific uptake showed that this process was enhanced by phenylalanine, provided that functional tyrosine repressor was present (21) . This report identifies the 5' ends of mtr mRNA and characterizes the roles that the tyrosine and tryptophan repressors play in the regulation of mtr transcription.
Construction of an mtr-lacZ transcription-translation fusion on a A phage. A 756-bp EcoRI-NlaIV DNA fragment containing 690 bp upstream of the mtr structural gene and the first 22 codons of mtr were cloned into the EcoRI-SmaI sites of M13mpl8/p (1). The DNA corresponding to this transcription-translation fusion of mtr to lacZot was excised from this construct, M13#17, and inserted into pMLB1034 (3) by using EcoRI-BamHI. This resulted in an in-frame fusion of the first 22 codons of mtr to full-length lacZ. The plasmid bearing this mtr-lacZ fusion, pSLW20, was transformed into CSH26(XRZ11). Lac' recombinant A phage bearing the mtr-lacZ fusion were isolated from this plasmid-bearing lysogen as described previously (1) . The phage, designated XSLW20, were then inserted in single-copy form into appropriate E. coli hosts (Table 1) according to published procedures (15, 23) .
Effects of the tyrosine and tryptophan repressors on transcription from the mtr promoter. Strains lysogenic for XSLW20 lacking either the tyrosine or tryptophan repressor or both repressors were used in 3-galactosidase assays to evaluate the role of these regulatory proteins in mtr expression. The results are summarized in Table 2 2) grown in minimal medium and minimal medium supplemented with different aromatic amino acids indicated that expression from the mtr promoter was induced 8-fold by phenylalanine and 7-fold by tyrosine and repressed 26-fold by tryptophan, relative to the levels observed in minimal medium. Stimulation of P-galactosidase production by phenylalanine was not additive with respect to stimulation by tyrosine. In terms of their effects on expression of P-galactosidase from the mtr promoter, phenylalanine and tyrosine appeared to be interchangeable. When phenylalanine or tyrosine was present in addition to tryptophan, there was only a sixfold repression of P-galactosidase.
In a tyrR background (SP1313 in Table 2 ) phenylalanineand tyrosine-mediated induction of P-galactosidase was abolished. The level of expression in minimal medium was only twofold different from that of the tyrR+ control. The magnitude of tryptophan-mediated repression in strains lacking tyrosine repressor was unchanged in comparison with that in the wild-type control strain.
In a trpR background (SP1322 in Table 2 ), expression of ,-galactosidase in minimal medium was fivefold higher than in the wild-type background. Phenylalanine-and tyrosinemediated induction in the trpR strain was only fourfold above the levels seen in minimal medium. No tryptophan repression was observed when tryptophan alone was present. However when tryptophan and phenylalanine were both present, tryptophan appeared to reduce the phenylalanine-mediated induction from fourfold to twofold. This lower level of induction is probably attributable to the ability of tryptophan to compete with phenylalanine for uptake through the AroP system (21), thus reducing the entry of external phenylalanine. When both repressor proteins were absent (SP1323 in Table 2 ) no regulation of 3-galactosidase expression in response to any of the aromatic amino acids was observed.
The net effect of each regulatory protein on P-galactosidase expression may be inferred by comparing the trpR tyrR In the wild-type background both induction and repression contributed to the level of P-galactosidase expression.
Tryptophan holorepressor binds to an operator upstream of mer. Within the predicted tryptophan repressor operator site lie three RsaI restriction endonuclease cleavage sites (see Fig. 3 ). Purified tryptophan repressor was found to prevent cleavage of the mtr DNA at all three RsaI sites in a tryptophan-dependent manner (Fig. 1) . The NsiI site adjacent to the presumptive Trp repressor operator (see Fig. 3 
Mapping the 5' end of mtr mRNA by primer extension analysis. RNA was isolated from a wild-type strain, SP1312, grown to early log phase in either minimal medium or minimal medium supplemented with phenylalanine (1 mM). In each case, a 30-residue oligonucleotide (GCAGCGACGGTGACGTTTGGGTGGTGGTTA) was annealed to 40 pLg of RNA and extended with avian myeloblastosis virus reverse transcriptase (United States Biochemical; 9 U) in the presence of dCTP, dGTP, dTTP, and [a-32P]dATP as described by Curtis (6) except that the reactions were carried out at 42°C for 40 min. The extension products were separated on a 5% sequencing gel next to a dideoxy sequencing ladder of the strand complementary to the mRNA, generated with the same oligodeoxynucleotide primer. 285 CTACCGGTCGTCGTCGTTTCGGT' * * * * * * P 1 o 335 GAACACAA 385 CTTTTTTTCTGTCTT-P1 transcript cDNA by reverse transcriptase. It should be noted that P1 RNA has a potential GC-rich stem-loop structure close to its 5' end that may cause reverse transcriptase to prematurely terminate. For the present it will be assumed that the P1 and P2 cDNA products identified by primer extension represent a single set of transcripts that originate from the P1 promoter. It is judged that P3 originates from a separate promoter, because the relative amount of P3 mRNA was greatly elevated in phenylalanine-grown cells whereas the amount of P1 mRNA remained approximately the same. The locations of the 5' ends of P1, P2, and P3, as well as possible -10 and -35 sequences for P1 and P3, are shown in Fig. 3 .
The primer extension results, in combination with the 3-galactosidase assays ( Table 2 ), suggest that the increase of transcript P3 under inducing conditions reflects stimulation by the tyrosine repressor of transcriptional events at the mtr promoter. In phenylalanine-grown cells, P3 is the major transcript observed. The mechanism by which tyrosine repressor leads to this specific activation is not yet understood.
Although the amino acid sequence of tyrosine repressor has regions of identity to several proteins that activate o54-dependent promoters (19), r54 is not required for the expression of mtr (data not shown). Furthermore, the presence of -10 and -35 hexamers for P3 that are characteristic of Or70 promoters (14) strongly suggests that the P3 transcript originates from a u70 promoter. P1 was not induced under our conditions.
Expression from the mtr promoter is significantly repressed by tryptophan repressor and tryptophan. It is not known whether tryptophan repressor affects expression from the P1 promoter. In the case of the P3 promoter, the tryptophan repressor operator overlaps the -10 hexamer. One model for tryptophan repressor-mediated repression at this promoter involves straightforward physical exclusion of RNA polymerase. However, because multiple proteins are interacting at the mtr promoter, other models for tryptophan repressor-mediated repression cannot be ruled out.
Concluding comments. Sequence analysis previously suggested the existence of a tryptophan repressor operator site within the mtr promoter region (9) . We (18) also found that mtr is repressed by the tryptophan repressor via tryptophan and is induced by the tyrosine repressor via phenylalanine or tyrosine. These workers also detected an mtr promoteIr corresponding to the P3 promoter reported here (18) .
In its regulation, the mir gene bears certain similarities to tyrP. The expression of the mtr gene, like that of tyrP, involves at least two categories of transcripts, only the shorter of which is strongly regulated by the tyrosine repressor. In the case of mtr, the transcriptional start poi'nts are separated by 72 nucleotides, whereas the two major categories of tyrP transcripts differed in length by 140 nucleotides (11, 22) . The structural similarities between the protein products of these two genes have been noted and discussed previously (9) .
Tryptophan-mediated repression of mtr conforms to a pattern of re'gulation already established for two other aromatic amino acid permeases, aroP and tyrP. In each case a permease gene is repressed by the aromatic amino acid that the corresponding gene product transports into the cell (5, 12, 13, 21) . In addition, either phenylalanine or tyrosine is able to competitively inhibit the uptake of tryptophan through the AroP system (21) . These amino acids also repress the expression of aroP (5) . Thus, it is likely to be advantageous to the cell to induce the expression of the tryptophan-specific permease, encoded by mtr, when phenylalanine or tyrosine is present in abundance.
